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Universality of the Moving-Wall Effect
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An analysis of published experimental results on the unsteady aerodynamics of separated flow has established
that the importance of the moving-wall effect is not limited to two-dimensional dynamic airfoil stall. It plays
an equally prominent role in the case of three-dimensional unsteady separated flow on a maneuvering combat
aircraft. The moving-wall effect can remain effective in the presence of flow unsteadiness. However, when the flow
unsteadiness causes bifurcation of the time-averaged flow, the moving-wall effect can be suppressed.

Introduction

EVIEWERS of two recent papers,"? in which the unsteady

high-alphaaerodynamicsof combat aircraft was analyzed, ex-
pressed the opinion that the applied moving-wall effect® may not
be the only flow mechanism that could explain the most unusual
results obtained in rotary balance tests of a generic combat aircraft
model.* The reviewers were also concerned that three-dimensional
flow effects may have prevented the moving-wall effect from func-
tioning as envisioned in Refs. 1 and 2. Another concern was that
flow unsteadinesscould make it difficultto correctly apply the steady
moving-wall effect, which generates Magnus lift,> to describe the
flow separation characteristics on a maneuvering combat aircraft.
In response to these expressed concerns, a review and extension of
earlier analyses employing the moving-wall effect has been under-
taken. Care has been exercised to provide an explicit description
of the flow physics in order to answer in a satisfactory manner
the questions raised in regard to the veracity of this flow concept.
Two-dimensional flow separation characteristics are discussed first
before considering the complications added by three-dimensional
flow effects.

Discussion

When and where flow separation occurs on an airfoil is deter-
mined by the boundary-layerprofile shape and the adversity of the
pressure gradient. The delay of stall through the dynamic effect of
the airfoil motion on the pressure gradient can be determined by
applying the unsteady Bernoulli equation® Adding the pitch-rate-
induced camber effect and the Karman-Sears wake lag gave sat-
isfactory prediction® of the experimental results for the VERTOL
23010-1.58 airfoil’ (Fig. 1). The satisfaction lasted until trying to
apply the same analytic method to predict the experimental results®
in Fig. 2. The accelerated flow effect Ay can only delay the oc-
currence of flow separation, whereas prediction of the experimental
results in Fig. 2 requires a flow mechanism that can reattach fully
separated flow. At a =22 deg, the airfoil is in the deep stall region,
and the minimum angle of attack of the 6-deg amplitude oscillation
is oo =16 deg, still far above the static stall angle a= 10 deg. As the
data points in Fig. 2 represent the time-averaged values, it is clear
from Fig. 1 that in Fig. 2 very high dynamic lift must have been
generated during the upstroke.
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A powerful flow mechanismthatcould producethisisthe moving-
wall effect>®!? (Fig. 3). As the wing is pitching or plunging upward
during the upstroke, the generated flow velocity at the leading edge
surface has to be equal to the tangential velocity Uy, of the air-
foil surface to satisty the no-slip condition. When the airflow has
turned the corner to the upper surface of the airfoil, the tangential
wall velocity decreases rapidly, and the near-wall boundary layer
is left with an excess velocity. This motion-induced wall-jet ef-
fect improves the boundary-layerlayer profile (Fig. 3a), delaying
flow separation. On the downstroke the wall-jet effect generates a
separation-prone profile, promoting flow separation (Fig. 3b). The
effect can be visualized as the illustrated roller-like effect created
by a rotating leading-edge cylinder of radius 7.

Experiments'"*!? (Fig. 4) have shown that wall jets, which were
too small to be traceable in the measured boundary-layerprofile (at
s =0.25IN), could eliminate the leading-edge separation bubble (at
s =0.50 IN). Thus, one could expect that the wall-jet-like moving-
wall effect (Fig. 3) may be of sufficient magnitude to cause the large
overshoot of static lift maximum required to produce the experi-
mental results in Fig. 2. The measured boundary-layer profiles at
s =0.25 IN in Fig. 4 demonstrate the futility of trying to define the
wall jet through standard boundary-layer profile measurements.'?
Measuring the moving-wall-induced wall-jet effect would be ex-
pected to be equally difficult, as |Uy/ Us | =&cc @A 0 =0.008 for
® =0.2 in Fig. 2. It has been demonstrated that wall jets of minus-
cule strength can cause reattachment of fully separated flow.'* Ex-
perimental results at @ =22 deg for a NACA-0015 airfoil (Fig. 5)
showed that a blowing-generated leading-edge jet could increase
the maximum lift from c¢j,x =0.68 t0 e = 1.2 by using steady
blowingof ¢, =0.03. When using oscillatoryblowing/suction, only
Ac, =0.06% was needed.

Extension to Three-Dimensional Flow

The preceding discussion shows that a viscous flow mechanism
is needed in conjunction with the accelerated flow effect in order
to predict the dynamic airfoil stall. In the presence of this viscous
fluid/motion coupling, the stagnation point is displaced to satisfy
the no-slip condition. This can be related to the delay Aoy of the
onset of stall discussed earlier, giving the following total delay of
stall:

Aa =Aay + Aag (1)
where A ayy is proportionalto the leading-edgevelocity =z g/ U, in
the two-dimensionalcase discussedearlier. For the plungingleading
edge the wall is subjected to opposite shear stresses on the upper
and lower sides of the stagnationline. The resulting accelerated flow
effectis accompanied by a change in flow curvature, generating the
stall delay Aogs. However, it is the moving-wall effect Aay that
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Fig. 1 Predicted and measured dynamic stall characteristics of the VERTOL 23010-1.58 airfoil at M = 0.4,% = 0.12, and A 6 = 4.85 deg.
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Fig. 2 Time-averaged lift for airfoil describing pitch oscillations at
Re =10° and A 0 = 6.08 deg (Ref. 8).

provides the main contribution to the overshoot of the static stall
angle, Eq. (1), and the resultingovershootof the staticlift maximum.
The viscous fluid/motion couplingis fundamentally similarin the
three-dimensional case. On a translating cross section of a coning
body of revolution (Fig. 6), the stagnation point will again be shifted
until the no-slip conditionis satisfied, causing the wall immediately
adjacentto the flow stagnationline to be subjected to opposing shear
stresses. The body is immersed in a rotary flowfield in which the
viscous forces contribute to the flow curvature. On the advancing
side the surface shear stress is oriented in the same direction as the
flow acceleration, determined by the off-surface pressure gradient,
whereas on the receding side the shear stresses oppose the flow
acceleration. The result is a fuller boundary-layer profile on the
advancing side that will make the boundary layer more resistant to
separation, whereas on the receding side the effect is the opposite.
As in the two-dimensional case where the dynamic stall behavior
cannot be explained by the accelerated flow effect alone, the three-
dimensionalflow curvatureeffects cannotexplain the flow asymme-
tries resulting from the coning motion of a body of revolutionat high
angles of attack. The dramatic effect on the crossflow separationcan
only be explainedby the coning-inducedviscous flow effects, which
impart momentum to the boundary layer to produce the observed
largeeffects on flow separation. Thus, the flow mechanisms that give
rise to the dynamic lift overshooton the two-dimensionalairfoil and
those that cause the prospin forces on a coning body of revolution

are fundamentallythe same. This is demonstratedby the experimen-
tal results for a cone cylinder in self-induced coning at o =45 deg
(Refs. 15 and 16) (Fig. 7). As the flow conditions near the stagna-
tion point on the coning model at high alpha are similar to those
on a rotating circular cylinder, the assumption can be made that the
effect of the moving surface on the boundary-layer formation will
be similar in the two cases. The prediction'® was obtained by apply-
ing laminar Magnus-liftresults for a rotating circular cylinder® and
applies therefore only to the results for Us, < 10 m/s in Fig. 7. The
discrepancy between prediction and experiment in start-up velocity
is the expected result of the bearing friction present in the test,'’
which was not known and, therefore, could not be accounted for in
the prediction.!®

The slender forebody of a combat aircraft will at high angles of
attack experience the asymmetric crossflow separation and associ-
ated vortex shedding observed on bodies of revolution.!” The cross-
flow separation is strongly dependent upon the effective crossflow
Reynolds number, which with less than 10% error can be approxi-
mated as the Reynoldsnumberbased upon the maximum diameter of
the forebody.!” The slender forebody geometries of current combat
aircraft usually do not deviate from axisymmetry until well down-
stream of the apex. It has been established that asymmetric flow
separation with associated asymmetric vortex shedding on bodies
with pointed noses is initiated at the apex through microasymme-
try effects in the case of the static characteristics'’ and through the
moving-wall effect for the unsteady aerodynamics? Consequently,
the flow physics as depicted in Fig. 6 are representative for most
combat aircraft models describing a coning motion, e.g., as in a
rotary-rig test.* However, the moving-wall effect discussed here is
notrestrictedto axisymmetric configurations. Recentrotary balance
tests'® have shown that the circular approximation of the effective
cross section can also be used on nonaxisymmetricbodies,as long as
the height-to-width ratio does not exceed unity (with the Reynolds
number based on the maximum cross-sectional width).

When the aircraft performs a pitching motion, the crossflow sep-
aration process can be simulated using the impulsively started cylin-
der flow analogy.'>?* In that case it can be shown?! that the crossflow
accelerationis proportionalto & cos o. Thus, acceleratedflow effects
play an important role for a pitching body of revolution. However,
for the present case of interest, & =0, and no significant accelerated
flow effects exist. Instead, as Fig. 6 illustrates, there is a significant
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Fig. 6 Forebody flow geometry for a coning aircraft model.

moving-wall effect in the crossflow stagnation region. The figure
illustrates how the coning-induced moving-wall effect will gener-
ate a wall jet, similar in many aspects to that generated on the airfoil
in its plunging motion (Fig. 3a).

The pressure measurements on a circular cylinder driven in flat
spin at 500 rpm around the midbody axis at the critical flow con-
ditions existing at Re =0.318 X 10° (Ref. 22 and Fig. 8) demon-
strate that moving-wall effects play a dominant role. The crossflow
conditions in the flow stagnation region of sections P-P and Q-Q
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Fig. 7 Moving-wall effects on a cone cylinder in self-induced coning
at o = 45 deg (Refs. 15 and 16).
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Fig. 8 Cross-sectional pressure distributions on a circular cylinder
driven in flat spin.2
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Fig. 9 Conceptual crossflow characteristics on a circular cylinder
translating at a critical Reynolds number.
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are somewhat similar to those for the plunging airfoil in Fig. 3.
At the flow stagnation point ¢ = 30 deg, the moving-wall velocity
is 87% of the translational speed of the cross section. The local
moving-wall effects produced by the flat-spin motion generated the
critical-supercriticd flow asymmetry in opposite directions on the
two sides of the rotation axis. The stagnation point for section Q-Q
in Fig. 8 is at ¢ = 30 deg, corresponding to ¢ =0 in the crossflow
sketchin Fig. 9. The downstream moving-wall effect delays transi-
tion enough to maintain the critical flow separation with its laminar
separation bubble. The turbulentboundary layer, reattaching down-
stream of the bubble,? separates at roughly 140-deg azimuth, i. e.,
at ¢ = 140 — 30 =110 deg in Fig. 8 for section Q-Q. Figure 9 illus-
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Fig. 10 Conceptual moving-wall-induced side force on a translating
circular cylinder.

Fig. 11 Conceptual ef-
fect of boundary-layer
trip at ¢, = =40 deg
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lating circular cylinder
atsubcritical flow condi-
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trates how the upstream moving-walleffect has moved the transition
forward of the laminar separation bubble, wiping it out on that side.
The resulting supercritical separation occurs at roughly 110-deg
azimuth.?* This corresponds to ¢ ~ 360 — 110 + 30 =280 deg for
section Q-Q in Fig. 8. Consideringthe data accuracy, the experimen-
tal results in Fig. 8 are in good qualitative agreement with the pos-
tulated supercritical-critical crossflow separation geometry shown
in Fig. 9, which generates a prospin yawing moment. This consti-
tutes an experimental verification of the three-dimensionalmoving-
wall effect on crossflow separation at critical flow conditions.
Steady-state flat spin resulted when this prospin moment was bal-
anced by the antispin moment generated by the crossflow drag.>*2

Based on this evidence,the suggestionwas made in Ref. 1 that the
crossflow separationin a section,such as A-A in Fig. 6 on the coning
aircraftmodel, would appearas sketchedin Fig. 10. Thatis, a prospin
side force would be generated on the forebody for both turbulentand
laminar crossflow conditions. However, when boundary-layertrips
were used,* the trips at ¢ ==+40 deg from the windward meridian
could generate the crossflow characteristics shown in Fig. 11. On
the advancing side the trip is close to the flow stagnation point, and
there is a long run of favorable pressure gradient downstream of
the trip. Thus, even if the trip caused a transition to turbulent flow,
relaminarizationis likely to occur before flow separation. This was
observed to take place on the AGARD WG16 model* at ¢ =53 deg
for Re =0.205 X 10° (Ref. 26). In contrast, on the receding side
the trip is farther away from the stagnation point, and the trip could
cause transition to turbulent flow conditions before flow separation
occurs, resulting in a delay of separation. The end result would be
the generationof an antispin force, as illustrated in Fig. 11. This led
to the following cautionary statement in the conclusions of Ref. 1:
“For all practical purposes it is impossible to fully simulate the
conditions at a higher Reynolds number by using boundary layer
trips in rotary tests.”

Effect of Flow Unsteadiness

The thorough investigationby Schewe?’ indicated that the estab-
lishment of the critical crossflow separation geometry took a time
increment At that was an order of magnitude larger than the period
of the Karman vortex shedding. This is in good agreement with re-
cent pressure measurements on a rotating circular cylinder,® which

—O—alpha 60 deg
= #A-« alpha 65 deg

-0.15 -
Fig. 12 C, (€D of the F/A-18 body-alone model at high angle of attack and subcritical Reynolds number.?’
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produced the conclusion that “pressure profiles support previous
theories (Ref. 3 here and in Ref. 28) for boundary layer behavioron
rotating cylinders’” Thus, the high-frequency Karman vortex shed-
ding did not noticeablyinterfere with the moving-walleffectand the
generationof Magnus lift. In the case of the coning motion of a com-
bataircraft model in rotary rig tests,"> Karman vortex shedding will
occur on the slender forebody at high angles of attack, probably al-
ready below 60 deg because of the wing-inducedupwash. However,
as indicated by the experimental results for circular cylinders?”-2
the high-frequencyKarman vortex sheddingis not likely to interfere
with the moving-wall effect generated at low-frequency combat air-
craft maneuvers and should, therefore, not invalidate its application
in Refs. 1 and 2.

However, there are cases where flow unsteadiness leads to bi-
furcation of the time-averaged flow over the forebody and a com-
pletely differentset of flow physicsis generated. Recognition of the
presence of threshold values in the coning rate, at which such bifur-
cation could take place, formed the basis for the analysis in Ref. 2.
The vortex breakdown hysteresis on the wing-LEX geometry of the
AGARD WG16 generic combat aircraft model* is another example
of this phenomenon. An illustrationof the impact of unsteadinesson
the moving-wall effect can be found in the rotary tests of the F/A-18
body alone at a high subcriticalReynolds number (Fig. 12).23° The
C,(£2) characteristics show that at 60- and 65-deg angles of attack
the bifurcationoccursat0.1 < €2 < 0.2, when the asymmetric cross-
flow separation and associated vortex system switches between its
two stable positions. Close to the bifurcation value of €2, the as-
sociated unsteadiness influences the time-averaged measurements.
However, beyond this region, at —0.3 < 2< 0 and at 2> 0.3, the
proconing C,,(£2) trend is evident. This is generated by the moving-
wall effect on the translating cross section of the slender fuselage at
subcriticalcrossflow Reynoldsnumbers (Fig. 10b), actingefficiently
in the presence of the static crossflow asymmetry generated by mi-
croasymmetry effects.!” Thus, the moving-wall effect will dominate
the aerodynamics of the coning body in the presence of the flow un-
steadiness associated with the hysteretic flowfield, except near the
bifurcation point(s). The moving-wall effect will also play a role in
the generation of the flow unsteadiness. In the tests of the F/A-18
configuration, a detailed investigation of the steady-state hysteresis
has been made.’® The various types of flow unsteadiness that can
lead to bifurcation of the time-averaged measurements are of great
concern. The possible presence of this danger can only be discov-
ered by performing a methodical search for hysteresis in the static
experimental results.

Conclusions

A new interpretation of published experimental results shows
that the moving-wall effect is fundamentally the same in two-
dimensional and three-dimensional flows, arising from the viscous
motion coupling through the boundary layer and being determined
by the alignment with the off-surface pressure gradient of the shear
stresses caused by the wall motion. The moving-wall effect can be
effective in the presence of flow unsteadiness. For a maneuvering
combat aircraft this is exemplified by the F/A-18 body, coning at
high angles of attack.
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